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Abstract: Due to complexities of creating sea-level rise scenarios, impacts of climate-induced sea-
level rise are often produced from a limited number of models assuming a global uniform rise in 
sea level. A greater number of models, including those with a pattern reflecting regional variations 
would help to assure reliability and a range of projections, indicating where models agree and 
disagree. This paper determines how nine new patterned-scaled sea-level rise scenarios (plus the 
uniform and patterned ensemble mean rises) influence global and regional coastal impacts 
(wetland loss, dry land loss due to erosion and the expected number of people flooded per year by 
extreme sea levels). 
The DIVA coastal impacts model was used under an A1B scenario, and assumed defences were 
not upgraded as conditions evolve. For seven out of nine climate models, impacts occurred at a 
proportional rate to global sea-level rise. For the remaining two models, higher than average rise in 
sea level was projected in northern latitudes or around populated coasts thus skewing global 
impact projections compared with the ensemble global mean. Regional variability in impacts were 
compared using the ensemble mean uniform and patterned scenarios: The largest relative 
difference in impacts occurred around the Mediterranean coast, and the largest absolute differences 
around low-lying populated coasts, such as south, south-east and east Asia. Uniform projections of 
sea-level rise impacts remain a useful method to determine global impacts, but improved regional 
scale models of sea-level rise, particularly around semi-enclosed seas and densely populated low-
lying coasts will provide improved regional impact projections and a characterisation of their 
uncertainties. 
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Abbreviations:  
CIS Commonwealth of Independent States 
CMIP3 Coupled Model Intercomparison Project.  
DIVA Dynamic Interactive Vulnerability Assessment 
AOGCM Atmosphere-Ocean General Circulation Model 
AR4 Fourth Assessment Report 
ASMITA Aggregated Scale Morphological Interaction between a 
Tidal basin and the Adjacent coast 
GIA Glacial isostatic adjustment 
GLOBE Global Land One km Base Elevation Project 
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1 Introduction 
Coastal environments house important ecosystems and densely populated regions. 
Many of these people rely directly on coasts for their livelihoods and well-being 
(Nicholls et al. 2007). With rising sea levels, it is important to understand what, 
where and who could be affected over the coming century, and when this will 
happen, in order to manage change effectively. Scientists are confident that 
globally mean sea levels are rising and broadly envisage where potential impacts 
may occur (Nicholls and Cazenave 2010). However they are less certain about the 
magnitude and spatial distribution of rise, and subsequent impacts. 
 
The Intergovernmental Panel on Climate Change’s Fourth Assessment Report 
(AR4) expressed a likely range in temperature of 1.1ºC to 6.4 ºC from 1980-1999 
to 2090-2099 (depending on emissions scenario), associated with a rise in global 
mean sea-level of between 0.18 m and 0.59 m, with a possible increase to 0.76 m 
if rapid ice sheet discharge continued (Meehl et al. 2007). Since then, uniform 
sea-level rise projections have ranged from 0.5 m to 2.41 m of rise per century 
(summarised in Nicholls et al. 2010; 2011). To date, most global impact studies 
have concentrated on the effects of uniform sea-level rise often from a single 
model (e.g. Nicholls 2004; Nicholls et al. 2011), with a few exceptions (e.g. 
Pardaens et al. 2011; Hinkel et al. submitted) as this is a simple, quick and easy 
method. However as oceanic temperatures, salinity, mass distribution and large-
scale ice melt change, this creates regional variations. Subsequently patterned sea-
level rise scenarios have emerged, reflecting areas of higher and lower rise or fall. 
Although more time consuming and computationally more expensive to generate, 
patterned scenarios compared with uniform scenarios of sea-level rise are 
generally considered more realistic of present observations. 
 
This paper asks ‘How do patterned scenarios of sea-level rise influence the 
distribution of impacts?’ Outputs will act as a sensitivity analysis, indicating 
where models agree or disagree. Thus outcomes will be useful for modelers and 
will help characterise uncertainty, pointing towards global regions where further 
research is required in terms of understanding sea-level rise patterns and 
subsequent impacts.  
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To achieve this, using a consistent set of socio-economic and adaptation 
assumptions, this paper (1) generates nine new pattern-scaled sea-level rise 
scenarios (plus their ensemble mean) and discusses the magnitude of rise and the 
spatial differences; and (2) investigates the effect of spatial variations of sea-level 
rise on global and regional impacts.  
 
2 Methodology: The DIVA model 
 
Three impact parameters are assessed:  
(1) Coastal wetland loss; 
(2) Dry land loss due to erosion; and  
(3) Expected number of people flooded per year. 
 
These were examined by using the Dynamic Interactive Vulnerability Assessment 
(DIVA) model (version 2.0.4, GLOBE 1km resolution topographic dataset) 
(Vafeidis et al. 2008; Hinkel and Klein 2009), an integrated bio-geophysical 
coastal systems model driven by climate change and socio-economic 
development. The model downscales the sea-level rise scenarios taking account of 
isostatic adjustment based on Peltier (2000a,b) and natural subsidence in 200 of 
the world’s river deltas assumed as 2 mm/yr. Flooding of the coastal zone is 
caused by sea-level rise and associated extreme water levels, where the return 
period of extreme sea levels is reduced by displacing extreme water levels 
upwards with a rising sea level.  
 
Loss of coastal wetlands (mangroves, saltwater marsh, freshwater marsh, coastal 
forest and high/low unvegetated wetlands) are calculated through the interaction 
of the rate of sea-level rise, tidal range, sediment supply and lateral 
accommodation space (McFadden et al. 2007). Dry land loss by erosion was 
assessed for erodible sandy coasts (estimated at about 11% globally) using the 
methodology described in Hinkel et al. (accepted), which applies the Bruun Rule 
(e.g. Zhang et al. 2004) for direct erosion and a simplified version of the ASMITA 
model (van Goor et al. 2003) for indirect erosion that occurs near systems of tidal 
basins.  
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The expected number of people flooded per year by extreme sea levels is the 
product of population and the extreme water level probability distribution. This is 
determined by the population living in the coastal flood hazard zone (below the 
1:1,000 year surge level) and the water level exceedance curve, including the 
effect of any adaptive measures such as dikes. Using population density in 1995 
based on CIESIN et al (2000), the model assumed coastal population growth 
proportional to the SRES A1B scenario.  
 
Defences (sea and river dikes) for the year 1995 were estimated using a demand 
for safety function – where higher population densities attract greater defence 
standards. These defences are assumed to be constant over time (that is, there is 
no additional adaptation). Further information about the DIVA model is in the 
Supplementary Material. 
3 Input scenarios 
3.1 Climate scenarios 
3.1.1 Generating scenarios 
 
The simple climate model, MAGICC 4.2 (Meehl et al. 2007; Raper and Cubasch 
1996) was tuned to global average surface temperature and radiative flux at the 
top of the atmosphere with a default of 3.71W/m
2
 for 2xCO2 for an A1B scenario, 
as described in Osborn et al (submitted). Manning et al (2010) found present 
carbon dioxide emissions (until 2009) fell between the A1B and A1FI SRES 
scenarios. Thus, if an A1FI scenario is followed rather than A1B, rates of sea-
level rise may be higher.  
 
Scenarios were created from thermal expansion and land-based ice melt 
contributions (ice sheets, ice caps and glaciers) following the methodology 
described in Meehl et al. (2007). Linear pattern scaling (indicating areas of lower 
than, and greater than average sea-level change) was applied by multiplying the 
2080s pattern of thermal expansion (from a 1º x 1º grid) by a time series of global 
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mean thermal expansion, following van Vuuren et al. (2007). Uniform ice melt 
was assumed using central estimates of model parameters. For ice caps and 
glaciers, area-volume scaling was undertaken, and for ice sheets, a surface mass 
balance equation was applied using AOGCM outputs of ice sheet dynamics from 
Gregory and Huybrechts (2006). These were summed to create total sea-level rise 
for nine patterned CMIP3 models (GFDL-CM2.0, GFDL-CM2.1, GISS-EH, 
GISS-ER, MIROC 3.2 (medres), ECHAM5-MPI-OM, MRI-CGCM2.3.2, 
UKMO-HadCM3, CGCM3 (T47)), plus the multi-model ensemble mean 
patterned and multi-model ensemble mean uniform rise, making a total of eleven 
scenarios. 
 
3.1.2 Magnitude of rise and spatial variations 
 
In the 2090s temperature rise with respect to 1961-1990, ranges from 2.3 ºC to 3.7 
ºC (see Table 1), with an ensemble mean rise of 2.9 ºC. Sea-level rise ranges from 
0.29 m to 0.53 m (Figure 1), with an ensemble mean of 0.36 m (similar to the 
median of the AR4 projections). Spatial distribution of sea-level rise is shown in 
Figure 2. GFDL-CM2.0 has limited spatial variation compared with other models 
and also the lowest rise in sea levels (Figure 2a). Conversely, GISS-ER (Figure 
2d) reports the highest rise in sea levels (but the lowest rise in temperatures) and 
has the largest spatial variations, particuarly in the Arctic Ocean. MIROC 3.2 
(medres) (Figure 2e) projects higher than its mean sea-level rise around coasts of 
south and south-east Asia, and lower rises in the Mediterranean. For the ensemble 
mean pattern (Figure 2j), higher than average rise is projected for northern polar 
regions, whilst lower than average sea-level rise is projected for southern polar 
regions. 
 
The extent of spatial variations can be compared against the mean sea-level rise 
(Figure 3). The x-axis represents the range of sea-level rise for each of the 672 5º 
x 5º land-sea grid cells used in DIVA with respect to the mean sea-level rise (e.g. 
for the ensemble mean scenario, the lowest rise a cell experiences in the 2090s is -
0.07 m, the mean rise of all cells is 0.40 m, and the maximum rise a cell projects 
is 0.77 m. This provides a range of 0.84 m, and a ratio to the mean sea-level rise 
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of 2.1). The y-axis represents global mean sea-level rise. The magnitude of sea-
level rise slightly differs from Figure 1 as only the land based cells which affect 
impacts were calculated. Six out of the nine patterned scenarios, plus the 
ensemble mean, exhibit a range of sea-level rise around twice that of their global 
mean value. For the patterned ensemble mean, the standard deviation of each 
cell’s magnitude of sea-level rise is 33% of the mean value. The other six models 
are similar or lower. However, for the three remaining models, (GISS-ER, GISS-
EH and MIROC 3.2 (medres)) for which there is a higher range in sea-level rise, 
the standard deviation is much larger than 33%, or in excess of its mean, 
indicating large regional extremes. Lowe and Gregory (2006), found average 
standard deviations of sea-level rise away from the mean of 40%, but regional 
differences in excess of 100%. Hence for GISS-ER, GISS-EH and MIROC 3.2 
(medres) large spatial variations could potentially have a large influence on global 
and regional impacts.  
 
Impacts are derived from relative sea-level rise (i.e. eustatic changes in sea-level 
plus local land level). Table 2 illustrates percentage change between the patterned 
and uniform ensemble mean relative sea-level rise, including regional variations. 
Globally, uniform relative sea-level rise is 16% less than the patterned mean 
relative sea-level rise. There are large regional variations, particularly for the 
Mediterranean. The coasts of the C.I.S, East Asia, North America Atlantic coast 
and North and West Europe coasts, indicate lower uniform relative sea-level rise 
compared with a patterned rise. 
 
3.2 Socio-economic scenarios 
 
The SRES A1B socio-economic scenario (Nakicenovic and Swart 2000) was used 
as input into the coastal model, specifically changes in population and gross 
domestic product. Global population grows to mid century, before gently 
declining, whilst gross domestic product increases throughout the century. 
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4 Impacts 
Table 1 shows a summary of the results (for full results, see Supplementary 
Material). Regional variations via percentage changes are shown in Table 2 for 
the patterned and uniform ensemble mean scenarios. Positive values indicate 
impacts are greater under a uniform scenario rather than a patterned scenario. 
 
4.1 Coastal wetland loss 
Wetland loss varies between 243x10
3 
km
2
 and 311x10
3 
km
2
 by the 2090s (Figure 
5a), with a greater spread of results as time progresses. Broadly, the greatest 
wetland loss results from models with the highest sea-level rise. For most of the 
models (excluding GISS-ER and MIROC 3.2 (medres)), there is as close 
relationship between mean sea-level rise and total wetland loss. (Figure 5b). Thus 
global wetland loss has a low sensitivity to the spatial pattern. The two remaining 
models (GISS-ER and MIROC 3.2 (medres)) indicate lower than average loss 
compared with the mean sea-level rise due to high sea-level rises in northern 
latitudes. This is further complicated by warming temperatures leading to coastal 
ice melt and permafrost melt (Burkett and Kusler 2000). 
 
Global losses from the patterned ensemble mean and uniform ensemble mean are 
similar throughout the century, differing by 3% in the long time term (Table 2). 
Larger differences are found around the Mediterranean, coasts of the CIS, small 
southern Atlantic islands and the North American Atlantic coast.  
 
4.2 Cumulative dry land loss 
Dry land loss has a wide spread of results (Figure 6a), particularly diverging 
towards the end of the century, ranging from 4,500 km
2
 to 7,100
 
km
2 
in the 2090s 
(Table 1). Further land loss would be expected through submergence, but is not 
presented here. Figure 6b plots dry land loss against sea-level rise. The 
relationship between mean sea-level rise and cumulative dry land loss is similar 
throughout time (except for GISS-ER and MIROC 3.2 (medres)), averaging 
17,000 km
2
 of land loss for each meter of sea-level rise. GISS-ER reports a less 
than expected land loss compared with the global mean sea-level rise, as much 
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higher sea-level rise is found in northern latitudes where there is less erodible 
land. For MIROC 3.2 (medres), high levels are sea-level rise are found in north-
west Europe, north-east America and parts of the Indian Ocean. Whilst the former 
two are associated with large amounts of land loss, in the Indian Ocean there is 
less land, so cumulative land loss is much reduced, affecting the results on a 
global scale.  
 
The greatest difference between the global patterned and uniform ensemble mean 
sea-level rise occurs in the 2020s (see Table 2), where impacts are 22% lower 
with a uniform rise compared with a patterned rise. Relatively, the largest 
differences are found in the Mediterranean. 
 
4.3 Expected number of people flooded per year 
Figure 7a illustrates the expected number of people flooded per year throughout 
time, with changes due to socio-economic conditions and climate change. By the 
2040s, the potential number of people flooded starts to diverge, particularly for 
GISS-EH and MIROC 3.2 (medres). By the 2090s, a maximum of 134 million 
people (1.8% of the world’s population) are projected to be flooded annually 
corresponding to a rise of 0.48 m (for MIROC 3.2 (medres)). In MIROC 3.2 
(medres), high sea-level rise is anticipated in the Arabian Sea and Bay of Bengal 
(Figure 2e). These coasts contain large, densely populated low-lying deltas, 
explaining the high numbers of people who are at risk. MIROC 3.2 (medres) is 
not the highest possible rise in global mean sea-level, or temperature, so the 
spatial distribution of sea-level rise is important here. 
 
When the expected number of people flooding per year is plotted against mean 
sea-level rise (Figure 7b), all models except GISS-ER follow a similar 
relationship (as GISS-ER projects high levels of sea-level rise in regions of low 
population density). Excluding GISS-ER as an outlier, the greatest range of the 
expect number of people flooded between models for the same sea-level rise is 
40% (at 30 cm of rise). As this occurs between 2065 and 2075, it is mostly 
attributable to the spatial pattern, rather than changes in population density. Hence 
a spatial pattern of sea-level rise adds greater variability and uncertainty to the 
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number of people expected to be flooded per year, particularly over long time 
scales, compared with the previous two impact parameters assessed. This is 
because population growth is time dependent, and as sea levels rise at different 
rates, exposed population differs for each time step. 
 
There is a close relationship in the expected number of people flooded per year 
between the global patterned ensemble mean and the uniform ensemble mean 
scenarios with a maximum of a 9% difference in the long term (Table 2). Larger 
regional differences particularly occur in the Mediterranean and coast of the CIS, 
rather than the densely populated regions of east and south-east Asia.  
 
5 Discussion 
For seven out of nine patterned scenarios of sea-level rise (see Figure 3), global 
mean impacts increase proportionally to global mean sea-level (the exceptions 
being GISS-ER and MIROC 3.2 (medres) as they have a greater range and 
geographical distribution of sea-level rise). Except for land loss in the 2020s, 
impacts varied less than 15% when comparing the global patterned and uniform 
ensemble mean sea-level rise. The impact parameter least sensitive was wetland 
loss as large areas of wetlands are expected to be lost for even a small rise in sea 
levels and therefore at longer timescales there is less sensitivity. Hence, over 
longer timescales, these smaller sensitivities are less well noticed. Land loss per 
centimeter of sea-level rise also has a close range of results as the pattern of sea-
level rise is the main influence. The expected number of people flooded per year 
have the greatest spread of results as more people are affected due to 
topographical reasons, despite a globally decreasing population (i.e. sea-level 
change is more critical where there is densely populated coastal zones). 
Furthermore, as the global population is time dependent, this adds additional 
uncertainty compared with the other parameters investigated. Therefore patterns 
are important where sensitivity to sea-level rise increases throughout time, and 
where multiple variables influence output. 
 
For impacts, GISS-ER was frequently the outlier model as large rises occurred in 
northern latitudes where there is less land and lower population density, therefore 
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underestimating impacts with respect to the magnitude of global mean sea-level 
rise. MIROC 3.2 (medres) (Figure 2e) indicates widespread variations around east 
African, south and south-east Asia coasts. The latter two regions coincide with 
low-lying land and population densities, and so impacts are highly sensitive to 
sea-level rise. Hence applying a uniform value of sea-level rise is not suitable for 
every parameter, time step or region. 
 
Results from this study suggest that coastal impact studies based on globally 
uniform mean sea-level rise scenarios (e.g. Nicholls et al. 2010, 2011) are robust 
for headline numbers and provide a good first estimate. However, in regional 
analyses (e.g. Nicholls et al. 2010) impacts are more overestimated than 
underestimated when using a uniform rise compared with a patterned rise, as 
higher rises tend to occur in extreme northern or southern latitudes where there is 
less land. Semi-enclosed seas, particularly the Mediterranean have large regional 
differences in impacts compared with the global mean. Therefore using a uniform 
sea-level rise can over estimate impacts by at least one order of magnitude (Table 
2). Evidence of past trends (e.g. Wöppelmann and Marcos 2012) indicate lower 
rises of sea-level on the Mediterranean semi-enclosed coast, compared with the 
exposed Atlantic Iberian coast. For other semi-enclosed seas such as the Baltic, 
change in seasonal ice melt and precipitation have a large influence on sea levels. 
Thus from a modeling perspective, further research is encouraged into regional 
projections where a uniform sea-level rise is a poor representation, particularly 
where there are low-lying populated coastlines. 
 
Many other factors influence impacts (e.g. adaptation level, coastward migration) 
that cannot be fully accounted for in models due to lack of reliable, consistent data 
and models, adding uncertainty to impact projections. Global coastal and river 
flooding research (assuming no flood defences) based on (a) changes in land use 
and (b) population change by Jongman et al. (2012) found both methods had 
similar levels and trends in global exposure, but large variations in regional 
distribution due to differences in measuring population density and urbanisation. 
Hinkel et al (submitted) analysed a range of adaptation strategies within the DIVA 
model. They found that impacts could be two to three times more sensitive to the 
type of adaptation employed compared with socio-economic and climate change 
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scenarios. These publications illustrate that population change and adaptation can 
be at least or as important as sea-level when assessing damages at a regional scale, 
even if global studies produce similar values. Further work to better identify 
impacts and improve potential adaptation to impacts should give greater 
consideration into socio-economic change, working at regional levels. 
 
6 Conclusions 
  
Global and regional variations of nine patterned sea-level rise scenarios (plus the 
uniform and patterned ensemble mean) were analysed to determine the influence 
of the pattern on three impact metrics (coastal wetland loss, dry land loss due to 
erosion and the expected number of people flooded per year), using an A1B 
climate and socio-economic scenario and assuming no upgrade in protection.  
 
For seven out of nine models, impacts occurred at a proportional (although non-
linear) rate to the magnitude of global sea-level rise. As analyses becomes more 
spatially discrete, deviations in the impacts are expected, so at regional scales, 
patterns increase the range of expected impacts. For two models, very high 
magnitudes of sea-level rise in polar or less populated regions resulted in fewer 
impacts than expected compared with other models which had a similar 
magnitude of sea-level rise and less geographical variation in the pattern. Due to 
large populations, and in places a reduced ability to respond or adapt for financial 
reasons, impacts are potentially high in the south, south-east and east Asia 
regions. Therefore in these regions, knowledge of past local sea-level rise (e.g. 
through tide gauge records) and future sea-level rise is highly important.  
 
Many post-AR4 sea-level rise scenarios, including those which project in excess 
of 1 m rise per century (see Nicholls et al. 2011), only provide a uniform rise in 
sea-level. These results indicate that to assess impacts on a global scale, the 
spatial variability of sea-level rise is of lesser importance than the overall 
magnitude of rise. However, for regional analyses, patterns can be important, 
particularly around semi-enclosed seas, such as the Mediterranean, and also the 
northern Russian coast. Further modeling research is required to better predict 
local sea-level rise, particularly for semi-enclosed seas where interaction with 
13 
other parameters, such as freshwater input, influences sea-level rise. Additionally, 
with the development of glacial isostatic adjustment (GIA) fingerprinting into sea-
level rise scenarios (Radić and Hock 2011), more realistic patterns will be 
developed, and the influence of this on impacts should be assessed. Finally, to 
better focus long-term research needs, sensitivity into changes in socio-economic 
conditions and adaptation measures could be explored, particularly around coasts 
where there are large variations and uncertainties associated with sea-level rise. 
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Figure 1 Global mean sea-level rise for the nine patterned CMIP3 models analysed and the multi-
model ensemble mean sea-level rise. Data is with respect to 1961-1990 
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Figure 2 Projections for the nine patterned CMIP3 models in the 2090s and the multi-model 
patterned  ensemble mean sea-level rise, with respect to 1961-1990 
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Figure 3 Relationship between the range of regional sea-level rise within a patterned scenario 
against the global mean sea-level rise. Data extracted from the 2090s.  
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Figure 4 The global regions reported in Table 2 
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Figure 5 Net global coastal wetland loss with respect to 1961-1990 for different climate models, 
plotted against a) time; b) global mean sea-level rise 
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Figure 6 Cumulative dry land loss due to erosion with respect to 1961-1990 for different climate 
models plotted against a) time; b) global mean sea-level rise 
 
 
 
 
 
 
 
22 
 
Figure 7 Expected number of people flooded per year (with A1B socio-economic scenario) with 
respect to 1961-1990 for different climate models plotted against a) time; b) global mean sea-level 
rise 
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Table 1 Summary of results from the 2090s with respect to 1961-1990, based on the nine patterned scenarios and associated impacts. Minimum values are underlined in bold, 
whilst maximum values are in italic in bold. 
Model 
Temperature 
rise Sea-level rise 
Net wetland 
loss 
Cumulative dry 
land loss due to 
erosion  
Expected 
number of 
people flooded 
per year 
  °C m 10
6
 km
2
  km
2
  millions/yr 
GFDL-CM2.0 2.5 0.29 243 4663 63 
GFDL-CM2.1 2.3 0.30 253 4827 62 
GISS-EH 2.7 0.37 279 6538 98 
GISS-ER 2.3 0.53 301 6332 73 
MIROC 3.2 (medres) 3.5 0.48 311 4549 134 
ECHAM5-MPI-OM 3.7 0.41 298 7093 90 
MRI-CGCM2.3.2 3.0 0.32 254 5274 74 
UKMO-HadCM3 3.3 0.31 262 5196 80 
CGCM3 (T47) 3.1 0.34 267 5698 84 
Patterned ensemble mean  2.9 0.36 277 5665 83 
Uniform ensemble mean  2.9 0.36 285 6445 91 
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Table 2 Percentage change in relative sea-level rise and the impact metrics for the multi-model 
uniform and patterned ensemble mean, based on global regions (defined in Figure 4). Data is 
based on thirty-year means. Negative values indicates the uniform rise underestimates impacts 
compared with a patterned sea-level rise 
 
 
 
